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Tau accumulation and its spatial progression
across the Alzheimer’s disease spectrum
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1 Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be
found at: http:/adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf.

The accumulation of tau abnormality in sporadic Alzheimer’s disease is believed typically to follow neuropathologically defined Braak
staging. Recent in-vivo PET evidence challenges this belief, however, as accumulation patterns for tau appear heterogeneous among
individuals with varying clinical expressions of Alzheimer’s disease. We, therefore, sought a better understanding of the spatial dis-
tribution of tau in the preclinical and clinical phases of sporadic Alzheimer’s disease and its association with cognitive decline.
Longitudinal tau-PET data (1370 scans) from 832 participants (463 cognitively unimpaired, 277 with mild cognitive impairment
and 92 with Alzheimer’s disease dementia) were obtained from the Alzheimer’s Disease Neuroimaging Initiative. Among these, we
defined thresholds of abnormal tau deposition in 70 brain regions from the Desikan atlas, and for each group of regions characteristic
of Braak staging. We summed each scan’s number of regions with abnormal tau deposition to form a spatial extent index. We then
examined patterns of tau pathology cross-sectionally and longitudinally and assessed their heterogeneity. Finally, we compared our
spatial extent index of tau uptake with a temporal meta-region of interest—a commonly used proxy of tau burden—assessing their
association with cognitive scores and clinical progression. More than 80% of amyloid-beta positive participants across diagnostic
groups followed typical Braak staging, both cross-sectionally and longitudinally. Within each Braak stage, however, the pattern of
abnormality demonstrated significant heterogeneity such that the overlap of abnormal regions across participants averaged less
than 50%, particularly in persons with mild cognitive impairment. Accumulation of tau progressed more rapidly among cognitively
unimpaired and participants with mild cognitive impairment (1.2 newly abnormal regions per year) compared to participants with
Alzheimer’s disease dementia (less than 1 newly abnormal region per year). Comparing the association of tau pathology and cognitive
performance our spatial extent index was superior to the temporal meta-region of interest for identifying associations with memory in
cognitively unimpaired individuals and explained more variance for measures of executive function in patients with mild cognitive
impairments and Alzheimer’s disease dementia. Thus, while participants broadly followed Braak stages, significant individual regional
heterogeneity of tau binding was observed at each clinical stage. Progression of the spatial extent of tau pathology appears to be fastest
in cognitively unimpaired and persons with mild cognitive impairment. Exploring the spatial distribution of tau deposits throughout
the entire brain may uncover further pathological variations and their correlation with cognitive impairments.
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Tau-PET Braak stages are followed
across individuals, but there is within-
stage heterogeneity that can be
captured with a measure of tau
spatial extent.

Introduction

The first PET tracers of tau pathology were developed almost
a decade ago." These tracers have advanced our understand-
ing of the role of tau pathology in aging and Alzheimer’s dis-
ease.”” However, several questions remain, including the

Whole-brain tau spatial
extent is better associated
with cognitive domains
compared to tau burden in
the temporal region.

spatial progression of the disease across the whole brain.
Our principal aim was to provide a comprehensive view
and the clinical relevance of cross-sectional and longitudinal
tau-PET binding in late-onset sporadic Alzheimer’s disease.
Using data from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI), we here report the abnormal tau-PET
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binding patterns in individuals classified as being cognitively
unimpaired (CU) or having mild cognitive impairment
(MCI) or Alzheimer’s disease dementia. We also report the
amount and the spatial extent of tau abnormality across these
clinical groups both cross-sectionally and over time. Finally,
we describe their association with cognitive impairment.

The progression of tau pathology in the brain is generally
believed to follow a stereotypical pattern approximating the
Braak stages defined post-mortem, where tau starts accumu-
lating in medial temporal regions (Braak I-II) before accumu-
lating in limbic regions (Braak III-1V) and finally to the whole
cortical mantle (Braak V-VI).® Many PET studies have con-
firmed this pattern iz vivo,>”® and studies investigating as-
sociations between tau and clinical variables usually
average tau from a predefined set of temporal regions [i.e.
a temporal meta-region of interest (ROI)] to approximate
the early stages of tau accumulation.”!!

Reports in recent years have highlighted the limitations of
this homogenous approach as tau progression patterns can
differ across individuals'>'? and between different disease
variants.'*'® These inter-individual differences would seem
important to track longitudinal changes, and it has been sug-
gested that tau accumulation is better captured when using
individualized ROIs.'*'” Inter-individual differences in tau
pathology may become particularly critical when tracking
clinical progression. The evidence thus far highlights that
tau, rather than amyloid-beta (AB) alone, is a reliable indica-
tor of future clinical progression,'"*'® and is well associated
with cognitive change in the early stages of Alzheimer’s dis-
ease.'”?? Therefore, if tau patterns and their progression are
indeed heterogeneous, it is likely that tracking tau with a sin-
gle set of regions across participants may misrepresent a sig-
nificant portion of them.

Leveraging 1370 tau-PET scan visits from 832 ADNI par-
ticipants across the Alzheimer’s disease spectrum, we charac-
terized the spatial extent of tau pathology across the whole
brain (70 brain regions) both cross-sectionally and longitu-
dinally. We summarized these measures by developing a no-
vel index, the spatial extent index. This index accounts for
individual differences in tau-PET patterns by evaluating the
extent of tau pathology for any single individual across the
whole brain. We then evaluated how the spatial extent index
related to performance in different cognitive domains. We
compared this approach with more traditional measures of
Braak staging and tau-PET uptake in a temporal meta-ROL’
We hypothesized that a region-specific analysis of tau-PET ab-
normality would offer a more useful measure of cognitive im-
pairment than other approaches that rely on tracer uptake in
one set of regions across all individuals.

Materials and methods

We used data from ADNI, a multi-site study launched in
2003 as a public-private partnership. The primary goal of
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ADNI has been to test whether serial MRI, PET and other
biological markers and clinical and neuropsychological as-
sessment can be combined to measure the progression of
MCI and early Alzheimer’s disease. For up-to-date informa-
tion, see www.adni-info.org.

We conducted the analyses using ADNI longitudinal data
available in May 2022. We included participants who had at
least one available tau (flortaucipir) and one A (florbetapir
or florbetaben) PET scan, and who had an available diagnos-
tic assessment within 2 years from the tau scan in ADNI3.

We used fully preprocessed data from the ADNI consortium.
Details on PET acquisition and preprocessing procedures
can be found elsewhere (http:/adni.loni.usc.edu/methods/
documents/). Briefly, for tau-PET, the flortaucipir tracer
(['®F] AV-1451) was used and images were acquired
75-105 min post-injection. For AB-PET, florbetapir or flor-
betaben were used, and images were acquired 50-70- and
90-110-min post-injection, respectively. Briefly, PET images
were realigned, averaged, resliced to 1.5 mm? and smoothed
to a resolution of 8 mm? full width at half-maximum. Then,
the closest T1-weighted MRI available for a participant was
processed and segmented using FreeSurfer 7.1.1, and
co-registered to the PET scan using statistical parametric
mapping. Standardized uptake value ratios (SUVRs) were
extracted from each cortical region of the Desikan atlas.**
The inferior cerebellum was used as the reference region
for flortaucipir, and the whole cerebellum was the reference
region for AB-PET. As suggested by the ADNI PET core
group, we divided the SUVR values provided by ADNI by
the SUVR values in the reference region for each tracer.

AB-PET positivity status was determined according to the
cutoff derived from the ADNI PET core based on a neocor-
tial composite region: participants exceeding 1.11 SUVR
for florbetapir or 1.08 SUVR for florbetaben were consid-
ered positive. We also converted the SUVR values into centi-
loid units for supplementary analyses, following established
formulas from the ADNI PET core.”’

Our main interest was to study the patterns of elevated re-
gional tau-PET uptake across the brain at the individual le-
vel. For this aim, we derived an SUVR cutoff for each
brain region of interest using Gaussian mixture modelling
(GMM) on the entire cross-sectional sample of ADNI parti-
cipants. This procedure is illustrated in Fig. 1. We fitted a
two-component GMM for each region and used the SUVR
closest to the 50% probability of belonging to the abnormal
(high values) distribution as the regional cutoff, as done
previously.”®*” The GMMs were initialized using k-means
and parametrized using scikit-learn’s v1.2.1 default settings.
We ensured that a two-component solution was a better fit
compared to a single-component solution by verifying that


http://www.adni-info.org
http://adni.loni.usc.edu/methods/documents/
http://adni.loni.usc.edu/methods/documents/

F. St-Onge et al.

4 | BRAIN COMMUNICATIONS 2024: Page 4 of 16

"92ULd1| Ag-DD B Yum 3|qe|ieAe ‘(jor'soopayapea.-Aduyis):sdiay) uoneiuswndop sAduyis wo.y paidepe aundi4 (D) |OY-eBW
[edodwial dissed & Ul YANS 8eJ49AE 943 93ndWod os[e am ‘sasA[eur UOIIUSOD S Ul Xapul Ju9IX3 [eneds uno auedwod o] *(4) |A YySnoaya ||| pue | sadeas see.qg Suisodwod 21833433 Yyoes UIYIM YANS
a3eJaAe Y3 03 A30jopoyrsw swes a3 A|dde os[e S () ure.q aya ssoude suoidau aAnisod jo saquuinu ay3 Suiwwins Aq juedidiised yoes 4oy Xapul JUIXS |elIeds 33 SALIDP dM ‘SUOI3D. ||B SSOUDB PIALISP
aJe spjoysaJdyy 3duQ *(@) uoiBaJ uaAiB aya Joj aAnisod pasapisuod aJe Ajiqeqoud 9%0G JIAO YIIM S[ENPIAIPUI JBYI P|OYSDY] € YSI|qeIsd pue uolIngLisip Jew.ouqe, syl ol sduojaq uedn.ed yoes
ey A31]1qeqo.d dY3 19BUIX3 AN "SIN[BA NeI YANS YSIY A|[ewiouqe 153|594 01 P2.9PISUOd sl uoiINqLIIsIp puodas 3y *(D pue g) uoiSad yoea ul sanjeA YyANS 243 03 patjdde si anbiuysa) Surjjspow aunixiw
ueissner) jusuodwod-omi & ‘usy] “(y) sauedidiaed Uno Jo YANS DY 30B1IX3 9M ‘Oe[epSAWE [eJ93e|Iq DY PUE SE[IE UB|ISS(] Y3 JO UOISa. [BD13.10 ydes U0 “ASojopoyjawi 3ua3xa [enyeds | a4ndi4

-0
Heneds . P HANS Ne} [euoiBoy
]‘ \\ " .
A FS =
C 0 = 21098 D | < E———
of TT v
. ; ploysaiyL ) o
2 ~N HANS TTTTTTTTTI S8 .
o Hjiqeqo.d
| = 91098 i 2 B JewJouge 1S3s0[D
(1102 2 10 080 — Y %001 %08 m 2 %0
o o~
HANS 104d-elsw (9102 "B 12 110U9S {166 ‘NERIE B YEeiq) ® XopUuj nej jewouqe Jo Aljiqeqoad
esod ) sabejs yeelg . uaxg |ened UOIBUIWIA}P POYSai
jesodwa ] juoixy jeneds 3 leulwalep pjoysaiyl HANS a
nej} [ewoude jo Ajjiqeqoud
%001 %08 %0 4ANS 13d hel HANS 13d nel av
« - pd < — 2 — 2
coo [0 g O 0| s =onnQo 0| w
! g b g g @
— = 4 - -
33! o 1 S o 1OW
o1 121
2T m ne} 121 M 2
3 SI g leusouqy I 21 5 ~ 5
o oF! ] g ! i s i S NO
<1 ) lcl o )
y ¢ ~ 151 @ ®
ploysaly} “ S “ nej} Wwou-uUIyim usp.inqg nej ojduwies
-~ -
Aupgeqoud jewaou
Hitqeq _ v (Buipdpow ainixiw ueissnex)) 4 fpmis
2 Aupgeqoud Anjewiouqy,, g v


https://sihnpy.readthedocs.io/

Tau spatial extent in Alzheimer’s

the Bayesian information criterion of the two-component so-
lution was higher. The brain regions of interest were the 34
bilateral cortical regions of the Desikan atlas** and the
amygdalae. We then binarized the tau SUVR from each re-
gion, and values at or exceeding the cutoff were coded as
one and a score lower than the cutoff as zero. From there,
we derived our main measure of interest: the spatial extent
index, which is the sum of regions exceeding the regional
thresholds for a given participant. Regional thresholds for
each region are provided in Supplementary Table 1. The
main results were replicated by setting regional thresholds
based on 2 SD from the mean of the tau SUVR of CU AB— par-
ticipants and deriving the spatial extent with these alternative
thresholds (see Supplementary Results, Supplementary Tables
2 and 5 and Supplementary Figs. 9-13).

We also derived a more typical temporal meta-ROI° and
the regions composing the Braak staging scheme.’*®® The tem-
poral meta-ROI was the average SUVR from key regions har-
bouring elevated tau-PET SUVR in Alzheimer’s disease: the
entorhinal cortex, the parahippocampal, inferior temporal,
the middle temporal and fusiform gyri and the amygdalae.”
In the Braak staging scheme, pathology accumulation follows
a predetermined order ranging from Braak I to VI until the
whole cortical mantle is affected by tau (see Supplementary
Table 1 for all regions included in each stage).®® Braak II
(hippocampus) was excluded from our analyses owing to
the known choroid plexus off-target binding effect of the
flortaucipir tau-PET tracer.’> We averaged the tau-PET
SUVR values in bilateral regions comprising each Braak stage,
following methods described previously.®*® We then applied
the GMM approach, as described in Fig. 1, to determine a
data-driven threshold for each Braak stage. These thresholds
were then applied to assign which individuals were positive
on each Braak stage.

A subset of 195 participants had at least two tau-PET
scans for longitudinal analyses, with 100 having three such
scans. The same regional binarization of positive (score 1)
or negative (score 0) using the regional cutoffs was applied
to all time points.

To compare the clinical implications of our regional index
score versus a typical meta-ROI analysis, we compared
the association of each with composite cognitive scores for
memory, executive function,”” language and visuospatial
performance.?” The cognitive performance data were taken
as the test time point closest in time to tau-PET. As well,
we assessed cognitive decline in participants by estimating
slopes of annual change for each cognitive composite score
using linear mixed-effects models with random slopes and
intercepts. For these analyses, the cognitive score at each visit
was the outcome, with the exposure being time since the ini-
tial cognitive test score in ADNI. These analyses considered
all ADNI visits for the whole sample, thereby maximizing the
number of time points contributing to estimates of individual
slopes. For all cognitive domains, models met assumptions of
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linearity, homoscedasticity, and normality of residuals, ex-
cept for the visuospatial score, where very small change
over time was observed.

All statistical analyses were run using Python v3.9.2 (numpy
v1.23.1; pandas v1.4.3; scipy v1.9.3; scikit-learn v1.2.1;
matplotlib v3.6.3), R v4.2.0 (Packages: Ime4 v1.1-30; tidy-
verse v1.3.1; ImerTest v3.1-3; Imtest 0.9-40; nonnest2
v0.5-5; tableone v0.13.2; patchwork v1.1.2; ggseg v1.6.5;
ggnewscale v0.4.7; glue v1.6.2; MASS v7.3-59; cocor
v1.1-4; performance v0.10.1; pscl v1.5.5.1) and R Studio
‘Prairie Trillium’ Release (1db809b8, 2022-05-16) for
macOS.

We compared groups on their demographic information by
their diagnostic status separately for AB+ and AB— partici-
pants using one-way ANOVA and Tukey post hoc tests
being used for continuous variables and chi-square tests for
categorical variables.

We first compared tau levels of AB-positive versus
AB-negative individuals. For the three diagnostic groups of
CU, MCI or Alzheimer’s disease dementia, we compared
our spatial extent index with the temporal meta-ROI
SUVR contrasting A+ and AB— individuals within each clin-
ical group using ANOVA and post hoc Tukey tests. Logistic
regression complemented this analysis by quantifying the
probability of having a spatial extent index of at least one
based on a continuous burden of A pathology (centiloid va-
lues). The linearity of log odds of having a spatial extent of at
least one to centiloid values was verified. As tau-PET binding
was typically low in AB— participants, all subsequent ana-
lyses were done separately in each diagnostic group in the
AB+ sample. We calculated the extent to which each partici-
pant’s tau pathology was consistent with Braak staging. To
do this, at each Braak stage, we computed the percentage
of participants who were tau-positive both at their more ad-
vanced Braak stage and at all previous stages (e.g. if a partici-
pant was positive on Braak IV, and was also positive on
Braak III and I, then this participant was judged to have
data in accord with Braak staging).

We used linear mixed-effect models to calculate the annual
change of the tau spatial extent and the temporal
meta-ROI (tau as the outcome; time since first tau scan as ex-
posure) with random slopes and intercepts for each partici-
pant for the temporal meta-ROI. As the spatial extent
index represents a count of regions, we used a Poisson mixed
model to model the longitudinal change correcting for zero
inflation as the models significantly underfitted the zero
counts. At the group level, we used linear mixed-effect mod-
els with random slopes and intercepts to track the annual
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change in positivity across the cohort and the annual change
in SUVR in each brain region and plotted the regions on a
template brain map. We calculated the extent to which
Braak stages were followed by participants longitudinally.
For each Braak stage, we computed the percentage of parti-
cipants who became positive at each stage, and who were al-
ready positive or progressed in the previous Braak stages
(e.g. if a participant became positive on Braak IV at their
last visit and was already positive or progressed in Braak
I and 1, the participant followed the Braak stages).

We computed the overlap between the patterns of abnormal
tau at baseline or over time between participants in the same
diagnostic group using the Jaccard similarity index. The in-
dex ranges from zero to one where zero indicates that not
a single positive region overlaps between participants, and
one indicates that all positive regions between two partici-
pants perfectly overlap. We then averaged the values so
that each participant would be left with a single value repre-
senting, on average, how similar their tau positivity pattern
was to the rest of their diagnostic group at the whole brain
level. Analyses were always restricted to individuals with at
least one positive region.

We assessed whether the spatial extent index was associated
with demographic characteristics (i.e. age, gender, education
and APOE4 genotype) using linear models, controlling for
the other three factors. Then, we studied the association be-
tween our tau spatial index measures at baseline and the cog-
nitive performance at the time of the PET, and the cognitive
decline (slope) across all available cognitive visits using

Table | Demographic information
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linear models. B, standardized B, P-values and model fit
(R* and Akaike information criterion), are reported.
Models were adjusted for age, sex and education and were
also subjected to a false discovery rate (FDR) multiple com-
parison correction. Differences in model fit between different
tau measures were assessed using Vuong’s closeness test (i.e.
non-nested likelihood ratio test).! In complementary ana-
lyses, we also assessed the association between tau uptake
and cognitive performance in each of the 70 brain regions.
Tau SUVR in each region was associated with cognitive per-
formance and cognitive decline for each diagnostic group,
controlling for age, sex and education. Within each group,
an FDR correction was applied.

Results

A total of 1370 tau scans from 832 unique participants had
at least one AP and tau-PET scan. At the time of the baseline
tau scan, 463 participants were CU, 277 had MCI and 92
had Alzheimer’s disease dementia. About half of the sample
(51%) was female, and 34% had at least one APOE#4 allele.
Participants were on average 73.56+7.95 years old.
Overall, 35.1% (n=107) of CU individuals, 47.7%
(n=132) of individuals with MCI and 83.7% (n=77) of in-
dividuals with AD were AB-positive. Full demographic infor-
mation is available in Table 1.

In the AB-positive sample, 12.1% (n=56) of CU partici-
pants, 36.1% (n=100) of MCI and 73.9% (n=68) of
Alzheimer’s disease patients had at least one region of tau
positivity (Fig. 2A, heatmap in Fig. 3A). In the AB-negative
sample, a small percentage of participants had at least one

Ap—negative (n = 460)

ApB—positive (n = 372)

cu McClI AD cu MCI AD
(n=300)  (n=145) (n=15) (n=163)  (n=132) (n=T7)
Sex, n Females, (%) 176 (58.67) 56 (38.62)  5(33.33) 96 (58.90) 65 (49.24) 32 (41.56)
APOE4 carriers, n (%) 66 (22.00) 23 (1586)  5(33.33) 73 (4479) 70 (5303) 48 (62.34)
Age (years) 7148 (731) 7372(848) 73.83(843) 7482 (7.57) 7436 (739)  77.35(8.93)
Education (years) 16.83 (230) 1632 (274) 1607 (2.60)  16.64 (2.34) 1599 (249) 1555 (2.48)
Centiloid values 409@8.11)  1.18(1053) 1.63(1127)  53.47 (30.83) 75.78 (35.15) 90.14 (32.86)

Memory composite score 1.08 (0.61)> 0.52 (0.62)> —0.55 (0.48)*® 1.00 (0.62)> 0.07 (0.59)> —0.77 (0.57)*°
Executive composite score 1.20 (0.82)> 0.61 (0.82)* —0.47 (0.95*° 0.92 (0.77)>¢ 0.19 (0.92)> —0.79 (1.16)*°
Language composite score 0.89 (0.51)>¢  0.52 (0.50)> —0.21 (0.39)*® 0.75 (0.49)>¢ 0.41 (0.55)* —0.18 (0.61)*°
Visuospatial composite score 0.13(029)° 001 (0.34* —0.07 (044)  0.06 (0.36)°  0.00 (0.38)°  —0.43 (0.72)*"
cu MCI AD cu McCI AD
Longitudinal sub-sample (n=96) (n=40) (n=10) (n=90) (n=66) (n=39)
Average number of tau-PET scan per participant 2.56 (0.87) 2.52 (0.72) 2.20 (0.42) 2.68 (0.75) 2.58 (0.66) 2.54 (0.60)
Average number of cognitive visits per participant 6.24 (3.45) 8.75 (5.59)*¢ 3.80 (3.88) 6.18 (3.83) 5.55 (4.21) 4.54 (4.02)

*significantly different from the CU group.
Bsignificantly different from the MCI group.

Ssignificantly different from the AD group. Values correspond to mean (standard deviation) unless otherwise specified. APOE4 positivity corresponds to having at least one e4 allele.

Statistical tests were performed within each of AB-negative and AB-positive groups.



Tau spatial extent in Alzheimer’s

tau-positive region (heatmap in Supplementary Fig. 1B and
Supplementary Fig. 2B and C) and had lower tau SUVR in
the temporal meta-ROI (Supplementary Fig. 2). Every in-
crease of one AP centiloid unit increased the odds of having
at least one brain region with abnormal tau tracer uptake ab-
normal by 4% (Fig. 2B). Considering these findings, and our
focus on tau pathology, we restricted the rest of the main
analyses to AB-positive individuals (z=372).

We found that, across diagnostic groups, the entorhinal
cortex (Braak I) was the region most positive across
AB-positive  individuals (CU=17.2%, MCI=59.9%,
Alzheimer’s disease = 74.7%; Fig. 3B, Supplementary Fig. 3
and Supplementary Table 3). In all diagnostic groups, the
five regions that were most often tau-positive after the entorh-
inal cortex were, in order, the inferior temporal (Braak IV),
the amygdalae (Braak III), the parahippocampal gyri (Braak
III), the middle temporal (Braak IV) and the fusiform gyri
(Braak III). All the regions above constituted the temporal
meta-ROL” Similarly, we found that participants largely fol-
low the Braak staging scheme (Fig. 3A): across all Braak stages
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up to and including Braak V, over 91% of participants posi-
tive on any given Braak stage were also positive on all previous
Braak stages.

We repeated the analyses in our longitudinal sample
(n=1935). Specifically, we assessed whether participants
becoming positive in a Braak stage at their last tau scan were
either already positive in preceding Braak stages or also pro-
gressed in previous stages during the follow-up period.

We quantified which brain regions were negative at base-
line and became positive over time (progressor), were posi-
tive at baseline and became negative over time (regressor),
were positive at both visits (stable positive) or were negative
at both visits (stable negative). Similar to the cross-sectional
results, we found that participants largely followed the
Braak staging scheme (Fig. 4A): across all Braak stages up
to and including Braak V, over 80% of participants who pro-
gressed on a Braak stage at follow-up were already positive
or progressed on all previous Braak stages.

Patterns of progression across the brain however were
different between clinical stages (Fig. 4; Supplementary
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Figure 2 Amyloid and tau status in the cohort. (A) Af/tau status in the included participants from ADNI. A positivity was established using
ADNII’s tracer-specific recommendations for both florbetapir and florbetaben. Tau positivity was defined as having at least one region positive for
tau pathology (spatial extent index of one and above). (B) Scatterplot of the probability of having at least one positive tau region (i.e. spatial extent
index equal to or higher than one) as a function of the A load (in centiloid). The probability was extracted from a logitistic regression. The odds

ratio (and confidence interval) derived from a logistic regression is presented at the bottom of the graph. Note that the points were jittered by a

factor of 0.065 x 0.065 for visualization purposes.
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Figure 5 Association between tau-PET measures, and memory performance and decline. (A) Memory performance closest in time
to the tau-PET scan and (B) memory decline computed across the study period were associated with both temporal meta-ROI SUVR and spatial
extent index in AB-positive participants using linear regressions. Cognitive decline was computed for each participant with more than two

cognitive time points using linear mixed-effect models with random slopes and intercepts. In each panel, columns represent a diagnostic group
(leftmost: whole sample, second from the left: cognitively unimpaired, second from the right: mild cognitive impairment, right-most: Alzheimer’s
disease). Simple and standardized f coefficients, adjusted R* and Akaike information criterion, controlled for age sex and education, are shown on
the graphs. P-value of models are indicated next to the simple beta coefficients. (°: P < 0.1, *: P < 0.05, **: P < 0.01, ***: P < 0.001) Results remained
significant after a multiple comparison FDR correction.

Table 4). Specifically, CU participants mostly progressed in
the entorhinal cortex (Braak I) while tau abnormality in par-
ticipants with MCI progressed across the entire cortex, and
few participants with Alzheimer’s disease dementia accrued

additional tau abnormal regions (Fig. 4C). Based on the
tau spatial extent, the annual rate of regions progressing
from negative to positive was 1.2 region per year in partici-
pants with MCI, which was similar to CU (1.3 region/year)


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae031#supplementary-data
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but higher than participants with Alzheimer’s disease demen-
tia (0.988 region/year) (Supplementary Fig. 4B). CU and
MCI showed a significant rate of change over time compared
to participants with Alzheimer’s disease dementia, which
was similar in the temporal meta-ROL.

Few regressions from positive to negative were observed.
In terms of Braak stages, four participants with MCI and
three participants with Alzheimer’s disease dementia (4%
of total participants) regressed from a Braak positive to a
negative status (usually Braak III, V or VI). In most cases,
the participants only regressed on a single Braak stage. At
the regional level, 30 participants (15%) had at least one indi-
vidual region regressing from positive to negative. The rate of
regression was lower in CU (3%) and participants with MCI
(18%) compared to participants with Alzheimer’s disease de-
mentia (38%), which could be explained by the higher num-
ber of positive regions in these participants.

Overall, we found that participants overwhelmingly fol-
lowed the Braak staging scheme, demonstrated cross-
sectionally and longitudinally, except for the very last
Braak stage. However, we also show that there are substan-
tial individual differences in abnormal regions at baseline
and in the regional progression of tau pathology.

While abnormal tau accumulation followed Braak staging,
regional tau abnormality across the whole brain and within
each Braak stage showed heterogeneity across individuals
(Fig. 3A; Supplementary Table 2). CU participants demon-
strated the least heterogeneity with an average overlap of
0.74 (= 0.15), participants with MCI had an average over-
lap of 0.58 (+ 0.14) and participants with Alzheimer’s
disease dementia demonstrated the most heterogeneity
with an average overlap of 0.46 (x 0.08). Within each
Braak stage, the difference in heterogeneity was greatest be-
tween CU and MCI, with the MCI group showing more het-
erogeneity in the pattern of tau abnormal regions. The
difference between MCI and AD was less pronounced and
often not significant (Supplementary Fig. SA). Results
were also similar when considering heterogeneity in the
progression of regional tau abnormality over time
(Supplementary Fig. 5B).

Given the heterogeneity in regions showing tau abnormality
at the individual level across the AD continuum, we then
evaluated if the measure of tau spatial extent could yield
stronger associations with demographics and cognitive mea-
sures than the classical temporal meta-ROI. Of note, the
temporal meta-ROI SUVR and the spatial extent correlated
well with each other, showing the highest correlation in the
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MCI group, followed by Alzheimer’s disease and CU
(Supplementary Fig. 2C).

Younger participants with MCI (spatial extent index:
Bsa=—0.22, P<0.05, Rﬁdj =0.08; temporal meta-ROI
SUVR: fa=—0.20, P<0.05, Rig=0.07) or Alzheimer’s
disease dementia (spatial extent index: Byq=-0.63,
P <0.001, Ridj =0.39; temporal meta-ROI SUVR:
Bsa=—0.46, P <0.001, RZ4;=0.17) had higher spatial ex-
tent index and temporal meta-ROI SUVR (Supplementary
Fig. 6). We also found that APOE4 carriers in the MCI group
had greater tau levels (Byq=0.41, P <0.05, Rﬁdi =0.09 for
the spatial extent index; fyq=0.49, P <0.05, Rig=0.10
for temporal meta-ROI SUVR). Sex and education were
not associated with the spatial extent index or the temporal
meta-ROI.

In CU participants, the spatial extent index was associated
with the memory composite score [standardized (std)
B=-0.20, P <0.01, R34 = 0.24] (Fig. 5) while the temporal
meta-ROI was not (std f=-0.12, P> 0.10, Rzad,: 0.21).
The difference in model fit was not significant (Vuong’s
z=-1.13, P=0.13), however, suggesting that the spatial
extent index provided only a marginally better model fit
when compared to the more traditional temporal
meta-ROL. In CU participants, neither the spatial extent in-
dex nor the temporal meta-ROI was associated with any
other cognitive composite (executive, language or visuo-
spatial) (Supplementary Figs. 7-9). In participants with
MCI, both the spatial extent index and the temporal
meta-ROI were nearly equally associated with the memory
composite, and there were no differences in model fit
(Vuong’s z=-1.35, P=0.089). However, the association
of the executive composite (Vuong’s z=-2.77,
P=0.003), as well as the language composite (Vuong’s
z=-1.89, P=0.029) with the spatial extent index was
stronger than that with the temporal meta-ROI. There was
no association between the spatial extent index or the
meta-ROI and the visuospatial composite. In participants
with Alzheimer’s disease, results were similar to participants
with MCI: spatial extent index and temporal meta-ROI were
both equally associated with the memory, and the spatial ex-
tent index was more strongly associated with the executive
composite than the temporal meta-ROI (Vuong’s z=
—1.88, P=0.030). However, the spatial extent index was
not more strongly associated with the language composite
compared to the temporal meta-ROI SUVR (Vuong’s
z2=0.04, P=0.516). There was no association between the
spatial extent index or the temporal meta-ROI and the visuo-
spatial composite. Looking at cognitive decline, the spatial
extent index was more strongly associated with executive
function decline compared to the temporal meta-ROI
SUVR in participants with MCI (Vuong’s z=-1.695,
P =0.045). In all other cognitive domains, the temporal
meta-ROI and spatial extent index offered a similar model
fit for cognitive decline.

In supplementary analyses, we also investigated regional
associations between tau-PET SUVR and cognition
(Fig. 6A). In CU participants, no individual region was
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associated with cognitive performance on any composite
score. In participants with MCI, tau levels most strongly as-
sociated with memory were in regions of the temporal lobe,
with some weaker associations in the parietal and frontal
lobes. Tau levels most associated with executive functions
comprised regions across the cortex. Associations with lan-
guage included more regions in the left hemisphere. No
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associations survived multiple corrections for the visuo-
spatial composite. Results were similar for participants
with Alzheimer’s disease dementia.

Looking at the association between baseline tau and lon-
gitudinal cognitive decline, region-wise analyses between
tau SUVR and cognitive decline largely replicated our find-
ings at the cross-sectional level (Fig. 6B).
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Figure 6 Region-wise associations between regional tau-PET SUVR and cognitive performance and decline in participants with
MCI and Alzheimer’s disease. Association between tau-PET SUVR and cognitive performance (A) and cognitive decline (B) in participants
with MCI and with Alzheimer’s disease across four cognitive domains (memory, executive functioning, language and visuospatial). Cognitive
decline was computed for each participant with more than two cognitive time points using linear mixed-effect models with random slopes and
intercepts. The standardized f coefficients of the associations between tau-PET SUVR in a specific region and each cognition measure are
displayed if it survives adjustment for age, sex and education and a multiple comparison FDR correction (Pyrecteq < 0.05).
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We also repeated all main analyses when deriving the spa-
tial extent using alternative regional thresholds based on 2
SD from CU AB- participants (see Supplementary Results
and Supplementary Figs. 10-14). Briefly, analyses related
to memory and executive function remained similar. The
notable difference was that the group of A-T+ significantly
increased in CU and MCI, as tau thresholds, mostly in re-
gions outside of the temporal lobe, were lowered.

Discussion

We found that tau accumulation in late-onset sporadic
Alzheimer’s disease, tau pathology and follows broad stages
of pathological progression (i.e. Braak stages) uniformly
across individuals, with early accumulation largely con-
strained to temporal lobe regions. However, abnormality
in cortical tau at a finer-grain regional level is heterogeneous
between participants, particularly as clinical symptoms
progress. This effect was strongest in participants with
mild cognitive impairment, who also showed the fastest
region-to-region accumulation of abnormal tau across the
whole brain. Finally, we also found that the spatial extent in-
dex was more strongly associated with executive function
performance than temporal meta-ROI SUVR in participants
with MCI or Alzheimer’s disease dementia and performed on
par with temporal meta-ROI SUVR in other cognitive do-
mains. This could be due in part to the topography of the as-
sociations between executive functions and tau burden
which largely spans regions outside of the temporal lobe.

In line with the literature,® we found that tau pathology
usually accumulates in the entorhinal cortex (Braak I) be-
fore accumulating in other temporal regions (Braak
II-1V)7-27*2-3% and finally large frontal and parietal regions
(Braak V-VI).* Similarly to previous work,”*”**3> this
accumulation of abnormal amounts of tau pathology
was mostly restricted to participants with high levels of
AB—as opposed to AB-negative participants who showed
little tau abnormality. An addition to our study is that these
stages are followed not just cross-sectionally, but also over
time. Overall, our results recapitulate and solidify our cur-
rent understanding that tau pathology largely accumulates
following the broad Braak stages in late-onset sporadic
Alzheimer’s disease.

Despite these uniform broad inter-individual patterns, we
found that within Braak stages, tau abnormality is regionally
and inter-individually heterogeneous, especially in more ad-
vanced disease stages (i.e. MCI or Alzheimer’s disease).
Alzheimer’s disease is known to present many different
clinical variants®® and heterogeneous neuroimaging
profiles.'>*” Specifically looking at tau pathology, several
‘subtypes’ of tau pathology have been suggested'” and differ-
ent clinical variants of AD have also shown distinct tau
deposition patterns.'®'® Other studies have used continuous
variables of heterogeneity rather than subtypes, but always ag-
gregating large swaths of brain regions together in
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smaller samples and with limited insight in more advanced
participants.*®*? Furthermore, using individualized tau mea-
sures has been shown to better associate with future accumu-
lation of tau pathology compared to using only Braak stages,
demonstrating substantial inter-individual variability.'* As
such, it is possible that while a large portion of the cortex
may become abnormal following a specific sequence, regional
patterns may differ between individuals. This was also sug-
gested by a recent study which highlighted that despite tau
pathology accumulating mostly in the temporal lobe, indivi-
dualized regions of interest better capture change in tau over
time.'” Our results suggest that this heterogeneity emerges
in participants with MCIL. Specifically, these participants accu-
mulated abnormal amounts of tau pathology across the entire
brain faster than CU participants and participants with
Alzheimer’s disease, highlighting that the heterogenous ac-
cumulation of pathology appears once tau appears outside
of the temporal lobe. On note, we also found that higher le-
vels of tau pathology at baseline were associated with faster
accumulation of tau pathology over time across diagnostic
groups, but that the spatial extent seems to plateau at the
stage of Alzheimer’s disease dementia. This suggests that
there is a stage of the disease where the number of abnormal
regions is reached, even though tangles (i.e. SUVR) con-
tinue to accumulate. This is somewhat contrary to Af path-
ology which seems to plateau over time at the late stage of
the disease.*® Overall, these results suggest that fine-grain
regional heterogeneity exists in tau deposition and accumu-
lation, despite broad stages being followed uniformly, and
that this heterogeneity starts to appear in participants
with MCI.

Another key finding from the study is that the extent of tau
pathology across the brain is associated with cognitive per-
formance across cognitive domains on par with tau in the
temporal meta-ROI in most domains, except for executive
functioning where the spatial extent of tau was more strong-
ly associated with cognition than the temporal meta-ROI.
Literature in recent years has repetitively shown that tau—
rather than Ap—is the pathological hallmark most strongly
associated with cognitive decline.?’ This is also echoed by
research on Alzheimer’s disease clinical variants. Previous
work demonstrated that, while AB deposition patterns
were similar across individuals from different clinical var-
iants, tau patterns differ according to the variants, often af-
fecting regions responsible for the main cognitive domain
affected.'®'® This distinct topography of tau for each cog-
nitive domain was also found in our study: tau was asso-
ciated with the memory composite mostly in the temporal
and frontal lobes bilaterally, tau was associated with the
executive composite across the brain and tau was asso-
ciated with language mostly unilaterally to the left hemi-
sphere. Overall, our results suggest that regional tau
topography is associated with specific cognitive domains,
and that leveraging the spatial extent index may uncover
stronger associations between tau and executive function
performance.
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The strengths of our study include a large sample size and a
large longitudinal tau-PET sample. Cognition was collected
over a long follow-up period; for at least 5 years in most cases.

Our study also has some limitations to acknowledge. We
staged disease progression following the clinical diagnosis
as attributed by physicians from memory clinics. However,
not everyone with the same clinical label may be at the
same ‘biological’ stage of the disease, i.e. two individuals
with an MCI diagnosis may not have the same tau-PET pat-
terns simply because they haven’t started to present symptoms
at the same time.'**' As such, the heterogeneity observed
within each clinical diagnosis could be due to participants
being at more advanced disease stages. Furthermore, we use
the overlap of spatial extent patterns to define heterogeneity
which somewhat lacks spatial resolution. It is possible that
the same index, e.g. 0.5, represents the positive overlap of a
small set of regions spatially close to one another or the over-
lap of a large set of regions spatially distant from one another.
Nonetheless, our results are reassuring: if biological staging
had been the driver of the heterogeneity in the tau patterns
cross-sectionally, our longitudinal results would have shown
that participants had less (not more) heterogeneity, and we re-
plicated most of the findings of heterogeneity within each
Braak stage.

Our main method to derive the spatial extent index relies
on unsupervised GMM, where participants are clustered in
either one of two groups: ‘normal’ or ‘abnormal’ tau. Some
of the limitations of these methods include the need to set
in advance certain components of the models, including the
number of clusters—two in the case of this paper—which
may preclude more complex underlying patterns in the
data. However, we ensured that a two-component method
was a better fit compared to a single component using the
Bayesian information criterion. Due to the data-driven na-
ture of the method, should the proportion of participants
with high levels of tau included change, the thresholds
will also likely change. However, in supplementary ana-
lyses, we showed that GMM thresholds were likely less in-
fluenced by outliers in the data compared to other methods
for deriving thresholds such as 2 SD from CU AB— partici-
pants. This suggests that other traditional methods are like-
ly plagued by the same issue, and the main results of the
paper were not dependent on the choice of how to derive
the thresholds.

A major limitation is ADNDs inclusion criteria. By
design, ADNI includes participants with amnestic disease
presentation.*” However, atypical variants of AD may not
present with memory impairment at the forefront of their
cognitive complaints.*® As such, ADNI’s sample may be by
design very homogenous. This could explain why the spatial
extent performed relatively similarly to the meta-ROI across
cognitive composites. Despite this homogenous sample, we
still found heterogenous tau patterns and diverse tau-
cognition associations, and a stronger association of indivi-
dualized measures with executive functioning and language.

F. St-Onge et al.

Many participants have the same visuospatial score cross-
sectionally and over time, which could stem from an error in
the database. Any results related to this composite index
should be carefully considered in this context.

Finally, due to molecular limitations of the flortaucipir
tracer which presents off-target binding in the hippocam-
pus, we excluded this region from our spatial extent index.
However, there is convincing evidence that some patients
with Alzheimer’s disease dementia will present more
(medial temporal subtype) or less (hippocampal sparring
subtype) neurodegeneration in the hippocampus,®” sug-
gesting that tau within the hippocampus is also an import-
ant source of heterogeneity which is missed by the spatial
extent index from the current paper. Future research
should aim to confirm these findings using tau-PET tracers
less sensitive to off-target binding in the hippocampus such
as MK6240.

Conclusion

While our study confirms that participants accumulate tau
pathology following the broad Braak stages, we also demon-
strate that regional accumulation is subject to significant
heterogeneity—particularly as the disease progresses. This
heterogeneity seems to take hold during the MCI stage, as
these participants accrue more tau abnormal regions faster
than both CU and participants with Alzheimer’s disease de-
mentia. We also illustrate that the topography of the tau
pathology is differentially associated with cognitive do-
mains, and that using the spatial extent (i.e. tau abnormality
across the brain) can lead to stronger associations with ex-
ecutive functioning. Taken together, our results suggest
that using regional tau is important, particularly when con-
sidering participants with MCI or Alzheimer’s disease de-
mentia, and we propose a simple research method to
investigate these regionalities going forward, perhaps in the
context of atypical Alzheimer’s disease.

Supplementary material

Supplementary material is available at Brain Communications
online.
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